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REPORT NC. 1062 

ASPlatou/aec 
Aberdeen Pioving Ground., Md. 
January 1959 

THE MAGNUS FORCE CM A SHORT-BODY AT SUPERSONIC SPEEDS 

ABSTRACT 
• 

The recent information obtained through the testing r" spinning 

models in the Aberdeen supersonic wind tunnels has led t- &.  tter 

understanding of the behavior of the Magnus force generated on rotating 

projectiles. Data have been obtained at Msjstr-2.0 on a low fineness 

ratio (5.2) body of revolution. Spin rates up to 40,000 r.p.m. (-« £^.UO) 

have been uLcd which cover the spin range used by conventional bullets 

and shell. 

The Magnus force is dependent on the boundary layer conditions 

and with most of the configurations tested the Magnus force is linear 

with spin and angle of attack in the low angle of attack range. It 

is only when the configuration base corner is rounded that the Magnus 

force become« non-linear with spin and angle of attack. -. 
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INTRODUCTION 

At the time of publication of BRL Report 991*      , describing the 

Magnus data obtained on a model of a  30mm aircraft bullet, many questionn 

concerning the Magnus force vere left unanswered.*    8everal of these 

questions have been answered during the elapsed interval and these flyings 

are presented in this report.    The questions are as follow«;: 

1. A turbulent boundary layer existed on the model dvr'.jg the 

previous tests.    How different is the Magnus fore« produced on e spinning 

body having a laminar boundary layer fror, that prr I* ;ed with a turbulent 

boundary layer? 

2. A Magnus theory based or the movaent of "Che lasutiar boundary 

layer due to «pin has been advanced l»> Martin*     .    Does th'.a theory agree 

with experiments? 

3. In order to obta<;: '^tisfactory Magnus data with a turbulent 

boundary layer,  it is r^-asary that translation be fixed with respect 

to the mod<:l surf*-.«».    This usually requires a transition strip.    Does 

forc5^g trar> j.t*.on change the Magnus force from that obtained with natural 

transit*, JA? 

it.      The Mr-gnus force on the 30ism aircraft bullet is non-linear both 

with aplKi »rid angle of attack.    What is the reason for this? 

Questians 1 and 2 require a laminar boundary layer over the complete 

model surface.    This limits thr- angle of att9.-'c to fairly low values where 

complete laminar boundary layt?rs ca-. ftxiat.     klsc t*e transltior pzg} 

mentioned in Question  3 is  ^r^f0^.        ^'-ailow angl»»ti oi'^^^f,.  

' -^oBpleteiy Ton trolled by the body an^u   of attar*.    The 

.ir-rv/y mentioned in Question k can be eoflovla^.red in tw-> parts, 

a    The    ->w angle; oi  attack region where sign revex mi   (negative Magnus 

f>rce) of the Magnus force io possible and b)  the hint, single of attack 

I *  
The unclassified reaults of BRL Report 991* »re given in Appendix I 



region where the data ore only non-linear with angle of attack. It is 

believed the two typee of non-linearity are created by separat« 

From the above It can be seen that moet of the qut e-^ 

the low angle of attack region and can be conrenien^^-. ,.   ai.^ te f roj 
the high angle of attack region. This report d^^TB „^ ^^ the low 
angle of attack problc 
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iMMSNTATION 

The modeln and instrumental!on used for obtaining th~  .lata Kte 

similar to that described in reference 1.* The module are ? lncii 

diameter steel bodies mounted on precision balJ oear^n^-.. An air turbine 

mounted in the base of the model is used TT  spinring the model, and 

the aerodynamic forces are recorded up'ng a four component (double pitch 

and double yaw) strain gage balanr-±  read only while the model is de- 

celerating (i.e. the air supr„y to tit*  turbine is turned off). 

One important charge was r^tde in the instrumentation since the 

data reported in r-fprenr'- 1 were obtained. The power to the strain gages 

was changed t:am  60 ~ycle,6 volt A.C. to 6 volt D.C. with filter condensers 

In jach -..gnal lead to damp out signal oscillations due to tunnel turbulence. 

Al«^ autor.«xic drum recorders were used to record the yawing momer.t signals 

rtrsn* spin rate while the pitching moment signals were manually recorded 

from multi-scale Brown instruments as before. The aoove changes increased 

the accuracy of the data and decreased the tunnel time r°quired fo:' running 

the tests. 

A further refinement at the start of the testing was made in order 

to simplify the data reduction procedure. Whenever the balance wa: installed 

in the tunnel the model angle of yaw and angle of attack positions were 

shifted slightly until zero angle of yaw and zero angle of attack were 

indicated by the strain gage readings (an adjustable yaw strut was i -<ed 

for changing the angle of yaw). Next the balance was rolltd slightly until 

the yaw hinge lines were in the angle of attack plane so that the normal 

force interaction with the yawing moments was nil. Exactly zero interaction 

on both gages is impossible due to a 1 

lines as indicated by the calibrations. 

on both gages is impossible due to a 1 angle between the two yaw hinge 

1  
The description of the instrumentation is reprinted e.s Appendix II of 
this report for the convenience of those readers not having ready 
access to classified reports. 

I I 



A typical set of reduced data obtained fro* this instrumentation 

is shown in Figure 2. Each curve represents the Magnus force and 

center of pressure for a constant angle of attack from UO,000 rpn down 

to zero rpa. It will be noticed that the data, are slightly asymmetric 

with angle of attack, and at the present time it is believed that this 

asymmetry is due to small changes In the lateral normal force caused 

by small changes in the model yaw during any one «pin period. These 

changes in yaw could ba due to play in the model bearings. The amount 

of play necessary to create the asymmetry shown ( >fe ■ .0005) can 

be computed from the obtained data. The change in angle of yaw (At) 

1B Jl2222 where k„ for this model, Ma - 2.0, is .021 (Figure 5). A* 
Si     ^ 

is tnen .024 . The bearings are 5" apart so the play in each bearing 

need only be + .0006". 

One further Indication that the asymmetry is caused by a change in 

the lateral normal force is that the asymmetry is mur'.i greater in the 

rear yawing moment data than in the front yawing moment. Since the rear 

strain gage is further from the normal force c.p., any change in the 

normal force would have the largest effect on the rear yawing moment. 

To partly overcome the remaining asymetrlc deficiency, the data 

at plus and minus angles of attack have been averaged. This makes the 

present Magnus force coefficient (—^-K ) accurate to approximately 

♦ .0005, while the center of pressure is accurate to approximately 1 

caliber. 

12 



TEST RESULTS 

The model of the 'Ormn aircraft bullet f.an a very complicated 

aerodynamic shape which makes it difficult to analyze any data obtained 

on the configuration.  This is especially true if the data are non- 

linear as with the obtained Magnus data.  As a result it was decided 

to begin testing with a simple aerodynamic shape (called the basic body, 

Figure 1). 

For tne turbulent boundary layer case, transition was forced to 

occur at a fixed distance fro« the nose by using an emery atrip cemented 

to the surface of the body (Figure l). Fixing the transition line was 

necesaary for, as discussed in reference 1, the zero spin yawing moments 

are dependent on the model roll position if transition occurs at various 

axial positions around the surface of the model. 

However, forced transition at other than zero angle of attack creates 

slightly different conditions than those occurring with natural transition 

(Figure k).    Also the forced turbulent boundary laye*- characteristics are 

likely to be different from the natural boundary layer characteristics. 

The tripping mechanism is certainly different and the velocity p-^files, 

shear forces and effective Reynolds number may be different.  Since the 

Magnus force is generated by vi :ous action In the boundary layer the 

above thoughts on differences between forced and natural transition 

should be studied carefully. 

During the testine of tne bacic body, (Figure l), three sizes of grit 

were used as transition strips to obtain boundary layers having different 

characteristics (Figures 7 to 10). Also the body was tested without a 

trip ring to obtain laminar boundary layer data (Figure ' and 6).  The 

Magnus force data obtained under these conditions at uxl/U ■ .k  are 

compared in Figure 11. The magnitude of the Magr.us force decreases with 

grit size and tne Magnus force generated In the laminar boundary layer 

case is less than that generated in any of the turbulent boundary layer 

cases.  Figure 11 also shows that in all boundary layer cases on the basic 

13 



body the Magnus force is linear with angle of attack. The data at lover 

spin rates show that the Magnus force is also linear with spin and the 

values of k shown in Figure 11 will hold for any spin rate at or below 

ojd/U = .4. This shows conclusively that the negative and non-linear 

Magnus force obtained on the 50mm bullet is not caused by changeb in the 

boundary layer characteristics. 

2 
Martin's theory  develops an expression for the Magnus force by 

determining the asymmetry created In the boundary layer displacement 

thickness due to the spin, and then applying the slender body theory to 

the resulting asymmetric body. Martin's theory Is elementary in that 

■any assumptions must be made and it may only be applicable In the 
simplest cases. Simple body configuration, low angle of attack, and a 

laminar boundary layer are essential. The theory disregards the nose 

and substitutes a blunt, open-ended cylinder, the length of which is 

different from that of the nose plus body. In calculating the Magnus 

force on an ogive cylinder configuration, Martin uses a theoretical cylinder 

length equal to one half the nose length plus the actual cylinder length. 

Ti.» expressions developed for Magnus force and its center of pressure are: 

„      10.33(r 
T (RZ)V2 

For the configuration shown in Figure 1, the theoretical cylinder 

length based on Martin's method is 2.k'j.    Using this i/d, K_ « .050 and 

C.P. ■ .98 cal. for the test Reynolds number. This agrees better than 

expected with the 1aminary experimental coefficients of K_ ■ .054 and 
C.P. =1-1 obtained at Ma = 2.0, R * I.58 x 10 . At other Mach 

numbers the agreement is not as good; however, it is within the range 

of error one might expect, (Table I). Kelley and Thacker^ '  an ' ' 

1U 



of Inyokern, have extended the theory to Include a radial pressure gradient 

effect and a skin friction term. They also consider the next higher order 

terms in spin which makes the Magnus force non-linear in spin. Their result: 

are as follows: 

s- 
iif 
W72 ["7.83U -16.526 (Sg)2 (|)2 ♦.... 

££r. .uo* .375 (£) (i)    ♦ 
2      .2 

• • • 

A plot of the above equation« with l/d - 2.*5 cal. is shown in Figure 12. 

The experimental data on the basic configuration with laminar boundary layer 

shov constant K_ with spin and do not agree with Kelly's results. The 

experimental center of pressure da4» are too inaccurate to indicate a trend 

vith spin rate. 

Most shell or bullets rhich are fired from guns require modifications 

to the streamlined shape of Figure 1 in order that they may be successfully 

launched against enemy targets. These modifications, in most cases, create 

discontinuities in the configuration surface thereby complicating the 

existing flow field. 

The 30mm aircraft bullet, which has several of these discontinuities 

(Figure 13), was tested here previously and the Magnus force results 

(Figure Ik  and 15) were quite different from the linear results obtained 

on the basic body. This configuration generates Magnus forces which are 

extremely non-linear In spin and angle of attack. Under some angle of 

attack and spin conditions the direction of the Magnus force is negative 

rather than positive. The Magnus force on the basic body (Figure l) showed 

linear results, therefore the cause of the reversal must be one or more of 

the discontinuities. 

A process of elimination of the various non-streamlined components 

of the shape showed that the rounded base corner is creating the negative 

Magnus forces and the non-linearities at low angle of attack.  (Figure J6, 

15 



17, and lö).    This result was very surprising and unexpected for the 

rounded base appears to be one of ths less significant changes in the 

configuration. The blunt nose, the rotating band, and the crisping groove 

are physically auch larger changes in the streamline shape; however, these 

changes have a lesser, although significant, influence on the Magnus force. 

These three changes have their largest influence when used with the rounded 

base. In this case the Magnus force becomes «ore negative than with Just 

the rounded base. It has also been determined that the rounded base produces 

the negative Magnus force with both a laminar and a turbulent boundary 

layer. The "»«pl"^ case is shown in figure 19* 

A numerical computation of the pressure difference on the rounded 

portion of the base which would produce the observed difference in Magnus 

force has been made. The pressure difference is approximately .004 times 

the stagnation pressure while the static pressure ratio at the base is 

approximately .128. This means that only a small change in pressure is 

required to account for the change in Magnus force and it is entirely 

feasible that this pressure difference could be produced by the rounded 

base. 

Curing the review of this report it was pointed out to the author 

that a series of tests (5) made in the Aberdeen Aerodynamics Range 

showed a large difference in the Magnus moment due to the addition of a 

hemispherical base to the square based body (Figure 20). Assuming that 

the change in moment is due to a force acting on the hemisphere the force 

must act in the negative direction in order to produce the observed change 

In moment. From this reasoning these tests support the evidence that 

rounded bases create negative Magnus forces. 

Shadowgraph pictures, (Figure 21) taken during the Aerodynamics 

Range tests on the hemispherical base show that the flow over the base 

is similar to that over the aft portion of a sphere. The flow overexpands 

a i  it attempts to follow the hemispherical surface and then must re- 

compress in order to adjust to the wake flow. During this process the 

flow separates from the hemispherical surface, with the exact location 

16 



of the separation being controlled by several factors. The model spin 

may be one of these factors and it is conceivable that the Influence of 

the spin may adjust the separation point and also the pressures acting 

on the hemispherical suiface such that negative forces are created. 

Although the Magnus Force center of pressure data are not sufficiently 

accurate to pinpoint the force under various conditions, it Is possible 

to state that under all conditions tested the center of pressure is aft 

of the forward yav gage (2-l/U cal. forward of the base) and in most cases 

it is located on the aft third of the body. This means that the Magnus 

force distribution is concentrated on the aft portion of the body so that 

changes in the nose configurations should not influence the force except 

through possible changes In the boundary layer characteristics. No 

conclusions on the motion of the center of pressure with angle of attack 

and spin can be made due to the inaccuracy of the data. 

No significant variation in pitching moment or noraal force due to 

spin of the configuration was noticed during any of the tests. 

17 



CGRCLUSI0K8 

A study of the Magnus force on lov fineness ratio bodies 1-ade to 

the following conclusions: 

1. The Magnus force generated on the basic body with a laminar 

boundary layer Is less than the Magnus force generated on the saae body 

vith a turbulent bo«»Mary layer. 

2. The Magnus force generated on the basic body with a forced 

turbulent boundary layer Is dependent on the site of emery grit used for 

the transition strip. 

5.  Martin's theory agrees with the laminar boundary layer data 

obtained within the expected accuracy of the theory. 

V. The Magnus force center of pressure is located on the aft 

portion of the body. 

5. A rounded base can create a negative and non-linear Magnus 

force. 

6. Modifications to a streamlined body such as blunt nose, a 

rotating band or a crimping groove influences the Magnus force to a 

significant but lesser degree than does a rounded base. 

7. A - ,*ire based body has a positive Magnus force and the force 

is linear with spin and with angle of attack up to at least 5°. 

8. The normal force is not influenced by spin. 

4^@A#* 
A. S. PLATOU 
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TABLE I 

• • 

* v-rrmr *L Theory 
E^per.        Srr;_^.e *"*        Cal.frun base 

1.57 -055 .75^1 1.85 xlO6 .046 .96 

2.00 .05* 1-1 1.58 xlO6 .050 .98 

.065 1-lA - 1 1-5Ö * 1Q6 -050 -90 
2.U7 

5.02 .066 l-l 1.58 xlO6 .050 .98 

'Based on j/d  = 2.U5 
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THE NORMAL FORCE AND PITCHING 
MOMENT ON THE  BASIC BODY 

MOMENT IS ABOUT FRONT PITCH 
GAGE*' 2.3  CAL. AHEAD  OF BASE 

23 FIG. 3 
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EFFEJT   OF   BOUNDARY   LAYER    ON 
THE   MAGNUS   FORCE   OF  THE   BASIC BODY 
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THE MAGNUS FORCE PREDICTED 
BY KELLY AND THACKtR 
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THE MAGNUS FORCE ON THE 
30 MM   AIRCRAFT   BULLET 
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THE MAGNUS  FORCE ON THE 
30 MM   AIRCRAFT   BULLET 
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THE EFFECT OF A ROUNDED BASE 
ON MAGNUS FORCE 
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THE EFFECT OF A ROUNDED BASE 
ON MAGNUS FORCE 
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APPENDIX i 

UICLAS8IF71D RESULTS OP BRL REPORT 991* 

For thoBe readers who do not hare immediate access to BRL Report 99U 

the unclassified results whi'.i: a*-«- i-^linent to this report are listed 

below. These results apply only to the 5Q»si aircraft bullet shovn in 

Figure 13. 

1. The Magnus force is non-linear with angle of attack (Figure HO. 

2. The Magnus force euid moment are negative at small angles of 

attack and most spin rates (Figure 15). 

3. The Magnus force and mceent are non-linear with spin at low 

angles of attack (a ^_7-l/?°) (Figure 15). 

k.      The Magnus force center of pressure is located behind the center 

of gravity (1.3 cal. forward of the base). 
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APPENDIX II 

SPINNING MODEL INSTRUMENTATION 

Tne air motor iß an lnttgit*! yu.il  wf Ihc  model, the model 

formir»» the outside surface of the revolving portion of the motor. 

Tills portion of the motor is mounted on the bearing outer races an 

,hovn in Figure 22.    The inner races of the bearing are mounted on a 

cylinder which in turn is mounted on the upstream end of the model strain 

gage balance and supporting strut. Th*. model ia rotated by an Impulse 

air turbine with the turbine buckets being mounted in the model base 

and the air nozzles, of which there are four, being mounted Just 

upstream of the buckets on *he supporting strut. An axial hole drilled 

In the supporting -strut serves as a passage for tne high pressure air 

to the nozzlen; at the usual test condltionc the flow out of the 

nozzles Bhould be approximately Mach number U.     Since the nozzle air is 

extiaußted into th«; tunnel, dry air from the wind tunnel storage sphere 

lü used as the high pressure source. 

For these tests sufficient power to operate the motor easily was 

obtained by using a supply pressure of 175 psi.  Under the test conditions 

the motor has a starting torque of 1.2 In. lbs. and develops .5 HP at 

iv5,000 hPM. The acceleration time from 0 to 4^,000 RPM is approximately 

50 sec. 

A Bpring is used to preload the bearings BO that the bearings are 

subjected to a thrust at all times. The preload appears to confine the 

ball rotation to one axis, because a track is worn into the ball surface 

after several thousand revolutions, Figure 25. A thermocouple is mounted 

near the forward end of tne strut so that the temperature rise of the 

strut can be ".easured when the model is spun. While breaking in a set 

of bearings, the appearance of a well worn track is indicated by a leveling 

jff or decrease in the temperature of the forward end of the strut. After 

neve~al rainutes of running at low speeds the v.empvirature stops rising and 

.tuiy in the case of an extremely good bearing .art decreasing.  Bearings 

IP 



art broker, in by measuring the strut temperature at 10,000 and .''0,000 

RPM and no bearings are run at higher speeds until no temperature increase 

is obtained at the low speeds.  If the preload is removvd from the bf-arlng, 

the bearing ballB will reorient themselves and a rebreaking in of the 

bearing is necessary. 

Measurement of the temperature of the forward end of th-* at rut 1B 

also necessary during the tunnel tests for it indicates the condition of 

the bearings during any one spin period.  If the temperature ris-j become', 

excessive or if the temperature of the strut rises above ISO r thu bearings 

are rinsed in a clear solvent and regreased. The 150 r limit was found to 

be Just under the temperature at which freezing of the bearings might occur. 

Two permanent nywjnets are mounted near the base of the model (see 

Figure 22). As the modfl rotates, the magnetic field generate a a current 

in a coil mounted on the stationary strut. Using euitable circuitry, the 

resultant coil signal is converted into « ni«nal proportional to the RPM 

of the model. 

Dynamic balancing of the model is accomplished using a öensitive 

balancing rig which determines the location and amount of metal to be 

removed from both the nose and tail of the model. The balancing reduces 

the wear on the bearings especially at resonant speeds and re luces the 

strain gage signal oscillations at resonant speeds. Necessarily, readings 

are not taken near the resonant points. 

Temperature compensation of the strain gage bridges was accomplished 

by varying the resistance of one of the bridge legs until the bridge 

indicated no unbalance when the temperature of the beam was changed. 

During test, temperature non-uniformity of the beam caused by heat from 

the bearings might still cause trouble, so as a check, the bridge unbalance 

was observed as the model spin varied from U5,000 RPM to 0 under no flow 

conditions. No bridge unbalance was found, except at resonant speeds, so 

the method of temperature compensation was con:3idered satisfactory. 
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